ARMY REeseArcH LABORATORY

Mechanics of the Fiber-Matrix Interphase Push-Out Test

by Xiaogang Huang, Maureen E. Foley, Travis A. Bogetti,
and John W. Gillespie, Jr.

]
ARL-RP-105 September 2005

A reprint from the Proceedings of the American Society for Composites 20th Annual Technical Conference,
7-9 September 2005.

Approved for public release; distribution is unlimited.



NOTICES

Disclaimers

The findings in this report are not to be construed as an official Department of the Army position unless
so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the
use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



Army Research Laboratory
Aberdeen Proving Ground, MD 21005-5066

ARL-RP-105 September 2005

Mechanics of the Fiber-Matrix Interphase Push-Out Test

Xiaogang Huang and Travis A. Bogetti
Weapons and Materials Research Directorate, ARL

Maureen E. Foley and John W. Gillespie, Jr.
University of Delaware

A reprint from the Proceedings of the American Society for Composites 20th Annual Technical Conference,
7-9 September 2005.

Approved for public release; distribution is unlimited.
]



REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to
comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
September 2005 Final 7-9 September 2005
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Mechanics of the Fiber-Matrix Interphase Push-Out Test

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Xiaogang Huang, Maureen E. Foley,"? Travis A. Bogetti, and
John W. Gillespie, Jr."” 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

U.S. Army Research Laboratory REPORT NUMBER

ATTN: AMSRD-ARL-WM-BC ARL-RP-105
Aberdeen Proving Ground, MD 21005-5066
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

'Center for Composite Materials, University of Delaware, Newark, DE 19716

*Department of Materials University of Delaware, Newark, DE 19716

*Department of Civil and Environmental Engineering, University of Delaware, Newark, DE 19716

A reprint from the Proceedings of the American Society for Composites 20th Annual Technical Conference, 7-9 September
2005.

14. ABSTRACT

The stress distribution for the fiber-matrix interphase push-out test is derived. The analytical solution provides the mechanics
foundation to relate experimental measurements to the properties of the interphase. The shear-lag model incorporates a discrete
interphase region quantified by the thickness and shear modulus of the interphase. Except for the basic shear-lag model
assumptions, the method follows a rigorous mathematical approach. Accuracy of the analytical solution is assessed using finite
element analysis. The data reduction scheme enables the interphase strength and shear modulus to be determined from load-
deformation response of the specimen.

15. SUBJECT TERMS
fiber-matrix, interphase, shear-leg, fiber push-out, stress/strain

17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
16. SECURITY CLASSIFICATION OF: OF ABSTRACT OF PAGES Xiaogang Huang
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (Include area code)
UNCLASSIFIED | UNCLASSIFIED | UNCLASSIFIED UL 20 410-278-6142

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18

il




Mechanics of the Fiber-Matrix Interphase Push-Out Test

Xiaogang Huang', Maureen E. Foley**, Travis A. Bogetti'

and John W. Gillespie, Jr.**
1U.S. Army Research Laboratory, Aberdeen Proving Ground, Aberdeen, MD 21005, USA
“Center for Composite Materials, University of Delaware, Newark, DE 19716, USA
*Department of Materials Science and Engineering, University of Delaware, Newark, DE 19716, USA
*Department of Civil and Environmental Engineering, University of Delaware, Newark, DE 19716, USA

Abstract

The stress distribution for the fiber-matrix interphase push-out test is derived. The
analytical solution provides the mechanics foundation to relate experimental
measurements to the properties of the interphase. The shear-lag model incorporates a
discrete interphase region quantified by the thickness and shear modulus of the
interphase. Except for the basic shear-lag model assumptions, the method follows a
rigorous mathematical approach. Accuracy of the analytical solution is assessed using
finite element analysis. The data reduction scheme enables the interphase strength and
shear modulus to be determined from load-deformation response of the specimen.

1. Introduction

The material immediately surrounding the fiber can be significantly different from
the bulk matrix [1-4]. This thin-layer of material is called the fiber-matrix interphase.
The properties and microstructure of the interphase material govern the load transfer
between the composite constituents. The fiber-matrix interphase has significant influence
on the structural integrity of fibrous composites. This has led to numerous efforts in both
the experimental characterization and micro-mechanical analysis of the interphase
subjected to different loading conditions.

The traditional methods for predicting the stress distribution in the fiber matrix
region are shear-lag theory [5—8] and finite element analysis (FEA) [9-11]. Most studies
neglect the interphase because the properties and dimensions are unknown. Hence the
presence of the interphase is commonly replaced by an interface between the fiber and
the matrix. Recently, experimental efforts [12&13] have been conducted to characterize
the interphase properties and its effects on the macroscopic properties of the composite.

The aim of the present work is to develop an analytical based mechanics solution
that can be used as the data reduction procedure for the fiber push-out experiment to
evaluate the fiber-matrix interphase properties. Based on shear-lag theory, the interphase
is assumed to be a uniformly thin layer surrounding the fiber having constant stiffness.
The interphase shear strain was derived as a function of the experimentally measured
quantities (i.e. applied load and measured displacement) from the push-out test. In



addition to the analytical solution, a finite element model (FEM) for the push-out test is
developed and compared to the theoretical predictions.

2. Theory

In this section, an analytical model is presented. Based on the governing equations
and the shear-lag assumptions, the displacements in each region of the domains are
derived. In the specimen, there are three axially symmetric regions (as shown in Figure
1): fiber, matrix and the interphase between the fiber and the matrix.
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Figure 1 Specimen geometry and boundary conditions for the fiber push-out test

A single fiber composite of thickness h, is surrounded by an interphase of
thickness t; and supported by an annulus of radius r,,. A schematic diagram of the
unloaded and loaded cases of this fiber push-out configuration is given in Figure 1. The
displacement w; ' °® and distance z are taken from the top surface. It is assumed that the
fiber is rigid, carries only axial load and has a displacement of w;. The matrix and
interphase are assumed to undergo shear deformation only. It is assumed that the fiber,
matrix, and interphase are perfectly bonded together. Consequently, no relative sliding



between the materials is allowed. The displacement of the interphase at r = r; is defined
as wy. Outside the matrix cylinder, r=ry,, the boundary is assumed fixed.

The force balance equation can be presented in fiber and matrix regions as,

— — — 11 m m
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where the r stands for radius, P, is the applied force, h is the specimen height and
subscripts f, i and m stand for fiber, interphase and matrix, respectively.

The basic governing differential equation is given by:
dw = —dr @)
G

In the interphase and matrix regions, the displacements are solved from equation 2

as,
re<r<r;:
Ti
w; = —1Inr+C, 3)
G;
r;<r<rp:
Tm
w, =—"1 Inr+C, (4)
m
By applying the boundary condition w,, = 0 at r = r,,, the constant C, can be
obtained:
Tm
C,=——"r,Inr, (5)
m
Substitution of Equation 5 into Equation 4 gives the expression for deflection in the
matrix:
T r
w, =—"1, In— (6)
m rm

Along the interface between the interphase and matrix (axial direction), the
displacement is continuous (i.e. Wi = Wy, at r = 1;). Using this condition allows one to
solve for C;. The deflection in the interphase is:
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For data reduction purposes, the interphase shear stain y; needs to be expressed in
terms of the load (P,) and displacement applied to the top of the fiber (w;(z=0)). This
deflection is designated w; * in Figure 1. From Equation 7, and by considering w; = w;
at r = ry, the interface displacement and the general form of interphase shear strain are
given by:
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However, w; and y; vary from point to point along the axial direction. It is necessary
to consider the variation in the axial (z) direction. The axial stress is a maximum at the
point of load introduction and is equal to Po/nr’. By definition,

dw,
=— 10
dz (19)
Therefore, since, Ay = nrfz , we have,
F =B SV (11)
dz

Force Balance yields the following differential equations for the interphase and matrix:

E + 21tl‘i’Ci = 0
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Substituting into Equation 11 yields:
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Substituting Equations 8 and 9 into Equation 13 yields:

2
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For simplicity, we manipulate Equation 14 into the form of

(14)

2
d w,

dz?

—a’w, =0 (15)

where

a2 — 2Gi/(Efrf2 ln(ri/rf))
_ Giln(r/r,)
G, ln(ri/rf)

By solving Equation 15, we have
w, = C, cosh (az)+ C; sinh (az) (16)

The boundary conditions along the axial direction are,

2=0, P=->P =B
dz (17)
dw,

z=h, P=0,
dz

=0

Combining Equations 16 and 17 and solving for the unknown coefficients yields the
generalized expression for w;:



w,(z) = — Fo [~ coth(ah )cosh(az) + sinh(az)] (18)
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The solution given by Equation 18 is the displacement of the interface between the fiber
and the interphase (i.e. r=ry).

For the special case z=0, Equation 18 becomes the top displacement at the fiber-
interphase interface,

w,(z=0)=w P = Fy coth(ah) (19)

2
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In the fiber push-out test, the w;' " is measured directly using a displacement sensor
and is therefore a useful parameter in the data reduction procedure. By considering
equation 9 and after some mathematical manipulation, the interphase shear strain can be
explicitly expressed in terms of wi(z) and w; " as,
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Equation 20 shows that the shear strain is directly proportional to the amplitude of
the applied displacement. In addition, the distribution of the shear strain in the axial
direction follows the function w;(z). This function is presented in Equation 18 where w;
at the location of load introduction is much higher than the value at the bottom of the
sample. For materials characterization this gradient can be minimized by specimen
design but can not be eliminated. An average displacement w; in the axial direction can
be defined in an integral form as

w2)= 1w, e

where h is the test sample thickness.

For data reduction purposes, an average shear strain is derived to define the
effective interphase shear modulus. This interphase shear modulus is defined as the



proportionality constant relating average shear stress (Equation 1) to the average shear
strain in the interphase. By definition of average value and combining Equation 20 and
21, we express the average interphase shear strain in integral form as,
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Finally, we can obtain the interphase shear modulus in terms of average shear strain and

the experimentally measured parameters of applied load and displacement.

G T =£ P, ]coth(ah)ariln(ri/rf)(l—B) (23)
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It should be mentioned that because the parameter a (in Equation 15) contains the
interphase shear modulus Gi, the Equation 23 is implicit and requires an iterative
solution. The ratio of load P, vs. the top displacement w, P represents the linear slope of
the loading-displacement diagram recorded from the test. In the experimental data
reduction, the specimen geometric size and the material properties of fiber and matrix are
assumed to be known constants. An assumed initial value is needed for the interphase
shear modulus G; to iterate and converge to a unique value.

3. Finite Element Approach

As a verification of the closed form data reduction analysis, a finite element model
(FEM) of the fiber push-out test is developed to correlate with the analytical approach.
The FEM addresses all the concerns noted in the analytical solution. The geometry of the
fiber push-out model is the same as in Figure 1. An axisymmetric model is defined with r
as the radial coordinate with origin at the fiber central axis and z as the axial coordinate
origin at the top of the model. The radii of the fiber, interphase, and out edge of the
matrix are ry, 1j, and rp, respectively. The model thickness in the axial direction is
denoted by h.



The commercially available finite element code ABAQUS (Hibbitt, Karlsson, and
Sorenson, Inc.) [14] was used for FEM analysis. The fiber push-out model was modeled
with a first-order axisymmetric isoparametric element. The fiber and interphase and
matrix materials were assumed to be isotropic and linear elastic. The top and bottom
regions of the model were densely meshed because of the stress singularity near the free
edges. Because the interphase thickness is very small compared with the fiber radius, the
total number of elements in the model is relatively large (30,000 elements were used.). In
the simulation, a known interphase modulus is specified. The push-out load, P,, was
applied and the top displacement, w, ", was generated from the numerical model. Using
these values in the data reduction scheme for PO/WITOp in Equation 23, the resulting
interphase shear modulus is calculated and should be equal to the interphase modulus G;
used in the FEM. Deviations from the known properties is our metric to evaluate the
accuracy of the data reduction procedure for this numerical experiment. The Glass
fiber/Epoxy and Glass fiber/Vinyl ester matrix composites were used in the correlation
studies. The interphase displacement, shear strain and shear stress are examined and
compared for both approaches. The details of the fiber-matrix property used in the
model are listed in Table 1.

Property Glass Fiber/Epoxy Glass Fiber/Vinyl Ester

Elastic Modulus — Fiber 72.6 GPa 72.6 GPa
Elastic Modulus — Matrix 2.4 GPa 3.4 GPa

Elastic Modulus - Interphase 246 MPa 250 MPa
Fiber Diameter, 2r¢ 20 um 17 um
Matrix Radius rpy 25 um 25 um

Interphase Thickness, (ri-1y) 0.07 um 0.12 um
Sample Thickness, h 83 um 150 um

Tablel. Composite Material Properties

From the analytical derivation and Equation 18, it is seen that the displacement w;
is a critical parameter in the data reduction. Since w; varies from place to place along the
z direction it’s impossible to measure every point. W;(z=0) is a measurable value in the
experiment, while an average wi(z) is directly related to interphase shear strain yi. The
FEM simulation for the w; is conducted and compared with the analytical solution
(Equation 18). The glass fiber/epoxy matrix composite was used in this comparison.
Figure 2 shows the distributions for w(z) as the function of the axial location z from both
analytical and FEM results. It is noted that the top displacement is more than double the
displacement at the bottom of the specimen in this example. Although the analytical
solution cannot capture the values near the top interface area due to free edge effects, the
interior displacement values are very close to the FEA result.
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Figure 2. The displacement w; distribution for Glass fiber/Epoxy composite along the
interface

The interphase shear strain dominants the interphase deformation. Due to the free
edge singularity effect, the shear strain also varies dramatically near the bottom and top
edges. The shear strain distributions along the interface from the FEA and analytical
solution Equation (20) are plotted in Figure 3. It is seen that except for the free edges the
analytical solution fits the FEA prediction very well. In terms of average value, the
analytical strain is 2.5% higher than the averaged FEA results.
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Figure 3. The shear strain distribution for Glass fiber/Epoxy composite along the
interface



Figure 4 shows the interphase shear stress along the interface axial direction
variations for FEA and analytical solution. The shear stress distribution is in good
agreement in the interior and deviates at the free edges. The average shear stress of the
distribution is equal to the applied load divided by the shear area. For this specimen
geometry, the shear stress varies by a factor of two over the specimen thickness.
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Figure 4. The shear stress distribution for Glass fiber/Epoxy composite along the
interface

4. Parametric Study, Comparison and Discussion

A wide range of interphase shear moduli were considered in this parametric study
(0.96 MPa to 246 MPa). Table 2 summarizes the results for the analytical and numerical
models. One observes that the errors are reduced as the interphase becomes less stiff (i.e.
Gn/Gi increases). The maximum error for interphase shear modulus is <2% in the case of
high interphase stiffness. The range of moduli considered is quite realistic for the
glass/epoxy composite. Using material properties and geometry in Table 1 and published
load-displacement diagram from [12], the average interphase shear modulus obtained
from Equation 23 was 25 MPa. Based on the results presented in Table 2, the data
reduction should be accurate within 2%.
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Analytical Model FEA GAnal
L *100%
T Gi T Gi GFEA 0
(Pa) v (MPa) (Pa) Y (MPa) 1
Gm/Gi =39 ;
G=245 MPa 159 | 6.355e-7 | 250 159 | 6.346e-7 | 246 102 %
Gm/Gi =10 ;
G=96.2 MPa 159 | 1.630e-6 | 96.3 159 | 1.65e-6 96.4 101 %
Gm/Gi =100 )
G=9.62 Mpa | 159 | 1:651e-5 | 9.63 | 159 | 1.65¢-5 | 9.64 100 %
Guw/Gi =1000 :
G=0.962 MPa 159 | 1.652e-4 | 0963 | 159 | 1.65e-4 | 0.964 100 %

Table 2. Accuracy of the Analytic Solution versus FEA for a wide range of interphase
moduli

The analytical model equations can be studied further to determine the effect of
varying certain parameters on the calculated values. The variability of the interphase
modulus, Gj will be investigated as a function of interphase thickness and the slope of the
load-displacement curve. One of the important inputs into the analytical model is the
interphase thickness value. This had been estimated in the past through swelling theory
or estimation of sizing thickness present on the fiber. Equation 23 was used to determine
the effect of interphase thickness on the calculated G,,/Gj value for a given system as a
function of Po/w,' . The parametric study was performed using a glass fiber reinforced
vinyl ester composite system, shown in Table 1, with an r,=32.5um. An iterative
program was written to determine the G,/Gj values over a range of Po/wlT"p. The
program is necessary due to the interdependence of the equation on Gn/Gi. It is first
necessary to choose a G,/G; value, perform the calculations, compare and then chose a
new value and iterate until the values match. The results of these calculations are shown
graphically in Figure 5.
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Figure 5. Effect of Interphase Thickness on G,,,/G; for a given P,/W, P (Glass Fiber
Reinforced Vinyl Ester System).

The figure highlights the importance of the correct estimation of the interphase
thickness. As the interphase thickness increases, the G,/G; value decreases dramatically
for a given Po/w, ® value. Typically the interphase modulus is not greater than the
matrix modulus therefore the minimum values in Figure 5 are plotted are for G,,/G; > 1.
The maximum value of G,/Gi =1000 was arbitrarily chosen as an approximate Gn/G;
ratio for rubber-like properties of the interphase. Alternatively, if one considers the low
range of Gn/G;j values, one finds that the stiffness (Po/wlTOp ) increases dramatically as the
interphase thickness decreases.

Experimentally, the value of Po/w,'® typically has a variability of about +0.01
N/um. This amount of variation would not have much effect on the G,,/G; value of large
interphases, but would have a significant effect on those with small interphases. For
example, for a sample that exhibited a Po/W, ™ of 0.1+£0.01, this would lead to a Gn/G;
range of 2521 to 1832 for an interphase thickness of 30 nm and a range of 106 to 77 for
an interphase thickness of 750 nm. Assuming a matrix modulus of 1.31 GPa, this
converts to an interphase modulus range of 0.52 to 0.71 MPa for the 30 nm interphase
thickness and a range of 12.3 to 16.9 MPa for an interphase thickness of 750 nm.
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5. Conclusions

An implicit analytical solution was developed to characterize the fiber-matrix
interphase mechanical properties for the fiber-matrix push-out test. The interphase shear
modulus can be expressed in terms of known fiber-matrix properties and push-out test
measurable load-deflection curve PO/WITOP. The FEA model was developed for
correlation study with the analytical solution. The glass fiber epoxy matrix composite
was studied as an example for comparison and the glass fiber vinyl ester matrix
composite was used for parametric study. The satisfactory comparison results for the
interphase displacement, shear strain and shear stress were obtained. Given typically
available experiment data such as Po/w; *, the interphase shear modulus can be uniquely
determined. A parametric study, using the analytical model, showed that the interphase
thickness value has a significant effect on the calculated interphase shear modulus. More
significantly, the approach can be extended to the strain rate dependent interphase
characterization of the fiber-matrix push-out test, which is partially conducted in
references [12] and [13].

6. References

[1] Drzal, L. T. Tough Composite Materials: Recent Developments; Noyes: Park
Ridge, NJ, 1985; pp 207-222.
[2] Tsai, H. C.; Arocho, A.; and Gause, L. E. Prediction of Fiber-Matrix Interphase

Properties and Their Influence on Interface Stress, Displacement and Fracture Toughness
of Composite Materials. J. Mater. Scien. And Engin. 1990; A126, pp 295-304.

[3] Mader, E.; and Grundke, K. Surface, Interphase and Composite Relations in
Fiber-Reinforced Composites. J. Composites 1994, 26 (7), pp 739-744.

[4] Broutman, L. J.; and Agarwal, B. D. A Theoretical Study of the Effect of an
Interfacial Layer on the Properties of Composites. Polym. Engin. Scien. 1974, 14 (8),
581-588.

[5] Chamis, C. C. Mechanics of Load Transfer at the fiber-matrix interface; TN D-
6588; NASA, February 1972.

[6] Murphy, M. C. and Outwater, J. O. The Toughness of Reinforced Plastics
Produced by Society of Plastics Industry. Proceedings 28" Annual Tech. Conf. of the
Reinforced Plastic/Composite Institute, New York, NY, 1973, 17-A, pp 1-16.

[7] Greszczuk, L. B. Theoretical Studies of the Mechanics of the Fiber-Matrix
Interface in Composites; ASTM Spec. Tech. Publication. 1969, 452, 42.

[8] Kerans, R. J.; and Parthasarathy, T. A. Theoretical Analysis of the Fiber Pullout
and Push-out Test. J. Am. Ceram. Soc. 1991, 74, 1585-1596.

[9] Remedios, N. C.; and Wood, W. G. Stress Transfer from a Loaded Matrix to a
Single Fiber. J. Compos. Mater. 1968, 2, 517-520.

[10] Bechel, V. T.; and Sottos, N. R. A Comparison of Calculated and Measured Debond
Lengths from Fiber Push-Out Test. J. Compos. Scien. and Technol. 1998, 58, 1727-1739.

13



[11] Kishore, P. V.; and Wang, A. S. D. On Fiber-Matrix Interfacial Stress During Fiber
Pullout with Thermal Stressing. In Proceedings of the ASM, 7th Tech. Conference, 1993,
827-836.

[12] Tanoglu, M.; McKnight, S. H.; and Gillespie, J. W. Jr. New Technique to
Characterize the Fiber-Matrix Interphase Properties under High Strain Rates.
J. Composites: Part A, 31, 1127-1138, 2000.

[13] Foley, M.E.; Abu Obaid, A.; Huang, X.; Tanoglu, M.; Bogetti, T.A.; McKnight,
S.H.; and Gillespie, J. W. Jr., “Fiber/Matrix Interphase Characterization Using the
Dynamic Interphase Loading Apparatus”, J. Composites: Part A, 33, 1345-1348, 2002.

[14] ABAQUS User Manual, Version 5.8, Hibbitt, Karlsson & Sorensen, Inc., 1998.

14



NO. OF

COPIES ORGANIZATION

1
(PDF
ONLY)

1

DEFENSE TECHNICAL
INFORMATION CTR

DTIC OCA

8725 JOHN J KINGMAN RD
STE 0944

FORT BELVOIR VA 22060-6218

US ARMY RSRCH DEV &
ENGRG CMD

SYSTEMS OF SYSTEMS
INTEGRATION

AMSRD SS T

6000 6TH ST STE 100

FORT BELVOIR VA 22060-5608

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS

AT AUSTIN

3925 W BRAKER LN

AUSTIN TX 78759-5316

DIRECTOR

US ARMY RESEARCH LAB
IMNE ALC IMS

2800 POWDER MILL RD
ADELPHI MD 20783-1197

DIRECTOR

US ARMY RESEARCH LAB
AMSRD ARL CI OK TL
2800 POWDER MILL RD
ADELPHI MD 20783-1197

DIRECTOR

US ARMY RESEARCH LAB
AMSRD ARLCSIST

2800 POWDER MILL RD
ADELPHI MD 20783-1197

ABERDEEN PROVING GROUND

DIR USARL
AMSRD ARL CI OK TP (BLDG 4600)

15



INTENTIONALLY LEFT BLANK.

16



